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Abstraat. A heated-olecent , skin-friction Rogo 
ecapleying a very low tliermal conductivity support Is 
described. It is shown that the effective dimension 
of the gage in the streuis direction is only D ,06 mm, 
Including the effects of heat conduction In the sup- 
porting material. Because of its small siae, the 
calibration of the gage is independent of the kind 
of boundiu'.v- layer flow - whether lojiiinar or turbu- 
lent - and is insensitive to pressure gradients. 
Further, construction tolerances con be maintained 
so that a single universal calibration con be 
anplied. Finally, multiple gages, sufficiently 
closely spaced so as to interfere with each other, 
are shown to provide accurate determinations of the 
locations of the points of boundary-layer separa- 
tion and reattachment. 


SKIBOLS 

■^w 

Cf local skin-friction coefficient, — — — — , 
dimensionless (l/2)p^u^ 

D diameter of cylinder, m 

h amplitude of surface waviness, ima 

i current, A 

11 Mach number, dlmenaionless 

Nu Wusselt number, dimensionless 

Pr Prandtl number of fluid, dimensionless 

p static pressure, H/m^ 

B resistance of Vieater element. Si 

Re Reynolds number, dimensionless 

length of separated region, m 
u velocity of fluid, m/s 

W width of heated element, perpendicular to 

streamwise direction, m 
if temperature rise of heated element above 
upstream surface temperat\ire , °C 
Ax length of heated element in streamwise 
direction, m 

boundary-layer thickness upstream of 
disturbance, m 

0 angle from stagnation point, deg 

U fluid viscosity, Ns/m^ 

p fluid density, kg/m^ 

surface shear or skin- friction stress, H/m^ 


*Senior Staff Scientist. 

+Kesearch Scientist, 
ftpostdoctoral Research Associate, 


Bubscrlnts 

D based on dianeter 

e at boundoirt'-Iayer edge 

off effective, refers to length of heater 

element 

FP corresponding to a flat plate 
t total condition in a flow field 
w wall condition 

i" free-stream condition 

INIRODIICTIOK 

Recent developments in ooiaputer technoloef 
and numerical tecimiunes have advanced tlie field of 
computati ‘ ual fluid mecbanios to such on extent 
that It can be pro.lected that supplem.ental coisnuta- 
tions will pei-mit major redueticns in the amount of 
wind-tunnel testing required for future aircraft 
development (l). Problems in aeronautics that were 
intractable by mathematical analysis are currently 
being solved routinely through numerical computa- 
tions, Involved in these computations are such 
features as three dimensions, complex oonfiguru- 
tlons, large pressure gradients along and normal to 
body surfaces, and even extensive regions of sepa- 
ration where there are strong interactions bet^^een 
the viscous and inviscid portions of the flow. 

The main thrust of the computations has been 
in loisinar flow problems because the physics and 
governing mathematical descriptions of such flows 
are well understood. For turbulent flows, however, 
even the best of computers cannot be expected to 
resolve the turbulence to the scales of the smal- 
lest significant eddies where the basic equations, 
based on molecular processes, still apply. Approx- 
imations to the turbulence mechanisms , or "turbu- 
lence modeling" (2), must be introduced to permit 
low spatial resolution computations consistent with 
computer capabilities. Historically, turbulence 
models evolved from well- controlled fluid mechani- 
cal experiments, and the need for such experiments, 
extended to the complexities of the flow fields 
mentioned above, is as critical as ever. Moreover, 
as the turbulence models become more sophisticated, 
they require increasingly complex measurements In 
the experiments. 

Improved turbulence models and continued prog- 
ress in computational fluid mechanics at realistic 
aerodynamic Reynolds numbers will be paced by a 
broad range of fluid mechanical experiments. The 
experiments will include detailed probing of the 
mean and fluctuating flow-field quantities, closely 
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Bfaced BeuaureKutifca of th« aurfacf* akiti frictioiri, 
and determlnatiMi of felte tiBaitlwis of polntu of fleu 
reparation and rettttud.iient , when these latter 
phenoKjena oecur. it is these surface icfasureKentB 
that are the nubjeav' of this paper. 

The Kietiiods available for laeaBurinfi; local skin 
friction lit a BUrfuee Include the followini’: (d) a 

(soiuentma 'balanoe obtained from velocity and tempera- 
ture profile iseasureisentB at two stationa separated, 
by a short distance j (b) extrapolation of mean 
velocity rceasureiaents very near the surface to pro- 
vide B3S aocurate velocity derivative at the wall; 

(c) a surface pitot tube; (d) hot-wire rseaaurejnents 
of local turbulent shear stress extrapolated toward 
the vail; (e) a flouting element of surface mounted 
on a balance; and (f) a heat-transfer surface 
element . 

Method (a) is well suited to flows over flat 
plates; for flows with large pressure gradients 
along the surface, however, the inertia forces in 
the boundary layer ao doiainate the friction forces 
that small experimental errors in the velocity and 
temperature profiles cause large errors in the sur- 
face skin friction evaluated by this method. 

Methods (b) and (c) were shown by JJradahav/ and 
Gregoi’y (3) to contain inherent problems of calibra- 
tion, even in flows with rather gentle pressure 
gradients. In pextloular, the methods showed 
inherent differences when used with laminar or tur- 
bulent boundary layers, and these differences would 
be aggravated in high Reynolds number tests with 
small scale models such as those usually used In 
fluid meohonios. The differences make methods (b) 
and (o) less general and, in addition, complicate 
the probe calibration procass. These probeo are 
usually calibrated in ducts j where the pressure 
gradients and the skin friction are intimately 
related through the effective duot diameter. Appli- 
cation of the probes to other conditions, e.g. , 
adverse pressure gradients or very large Reynolds 
nuiabers, req,uires reliance on an assumed universal 
character of turbulent boundary layers well outside 
the viscous sublayers, a questionable procedure. 
Finally, intrusive probes generally are not suit- 
able in fields of transonic flow or flows near sep- 
aration because such flows are particularly sensi- 
tive to small disturbances. Crossed hot wires, 
which have been employed in method (d), are suffi- 
ciently long to encompass significant portions of a 
boundary-layer height at high Reynolds number. The 
measurements of shear stress are then not truly 
local in distance from the stirface and contain sig- 
nificant errors caused by rapid changes in turbu- 
lence that occur over the length of the wire near a 
surface. Extrapolation of these data to the sur- 
face, especially in regions of pressure gradients 
where the total shear varies rapidly with distance 
from the surface (Ij), cannot be accurate. 

Of the surface measurements, method (e), the 
floating element balanoe, measures the skin-friction 
force directly and is preferred whenever it can be 
employed. When small scale models are used, the 
size of the floating element, over which an average 
skin friction is measured, and the balk of the 
instrument that must be contained within the model 
become serious drawbacks. The precision of their 


cons true feieri msikes the ba1.aii«e3 an i*f,;jtly ’ lU fcf 

preclude tlie ooe o(" a'iny elcrieJiil.M e*,’WSi uillulKi TuV'? 

scale laSilels, asreel ally when >*ruoJ Is 
given to their tliillcate natur'? aal for repeated 
repair. Final ly, >snd uarliuns most , tlr* 

floating element gage is sensitive to *i atir'ww- 
proa sure gradient that acts as h tuoyfin '‘or".v- in, 

the gap araun^l the floating, elei-iemt an.! tS>“ 

porting beams within tine rar.e iK a s'fintiei* L<Ki!atl!)- 
guishable lYohi the skin- friet ion drag "W. Tn 
some designs in which the gap %;ldthi3 vary with t!i.,e 
load on the element, the error due to rressur'.:' 
gradients eonnot even be estiaated, 

A skin-friction gage, utilislnr Ihe hefi*- 
trails fer method - metliod (f) - tirtt is o“ scj-i':' 

of these shortaoiilngs w'as aonceiifed originally by 
K. Ludwleg (5). 'the principle under lying this gage, 
illustrated in figure 1, requires tlie surface- 
heated element to have a dlBenoion in the streui';- 
wise direction, Ax, that is small compared to the 
boundary-layer thickness. Then the heat trana- 
fex’red from the heated elesaent. Insulated from the 
surface material, forms a thermal boundary layer 
that lies within the viscous sublayer inmediately 
adjacent to the surface. Here the transport proc- 
esses are molecular and known, even when the bound- 
ary layer is turb.tlent and contains buffer and 
fully turbulent layers. Since the flow-field 
velocities which conveat the heat in the viscous 
sublayer are predominantly proportional to the 
local •.mil shear, the rate of heat lost from the 
heated element becomes a measure of this wall slxear 
(see, e.R. , ref. 1), Surface pressure gradients 
also affect the velocity distribution here, but 
these effects are shown to be small in a properly 
designed gage. 

The original budwieg gage was made of an 
eleotrioally heated 2x9x6-mm block of copper. The 
2'‘9-mm face was cemented to a circular disk of cel- 
luloid, 0,1 raia thick, that acted as a low thensally 
conductive support. The diaphragm was mounted 
flush with the surface of the model over a hole 
that housed the copper block and was oriented so 
that the 2-mra dimension was in the direction of the 
air flow. A vent equilibrated the pressure across 
the diaphragm. The gage was mounted in a flat 
plate model and was calibrated against boundary- 
layer surveys, method (a). The results possessed, 
the character expected from Ludwieg's theoretical 
calculations, except the data were shifted in a 
manner to suggest significant conduction losses in 
the heater leads or thermocouple wires detecting 
the block temperatures, b/hen calibrated, the gage 
was then used to measure the skin friction on the 
flat plate, but with nonzero pressure gradients 
imposed (6). It was assumed in reference 6 that 
the pressure gradients did not affect the gage cal- 
ibration, and the consistency of the results tended 
to support this assumption. A drawback in using 
this gage in other applications is its size, not 
necessarily of the heater block, but of the support- 
ing disk. Another drawback is the complexity of 
its design which is difflc’ilt to miniaturise. On 
models with pressure gradients, differential pres- 
sure loads on the thin supporting disk can also 
pose a problem. 
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(ind i?ltl»tntsr (7) aimipliiried the deslRii 
of the BUfiS ‘-diile wtiliainR Ita btiaie Uott, 'Huey 
merely buried ti 12,7-eW-dltiKieter platinursi wire in a 
groove in the ourfmce of an wbonite (bukelitu) 
plate, with the euxls of the wire mounted nonnul to 
the stremn dlreatler. The wire wan heated aleotri- 
c&lly, the pouej' supplied tutd the wire temperature 
were deduced fraa current wid resistance laeagiiro- 
I'lents. The wire gaga was calibrated with a hot- 
wire flaw-field probe, itietljod (b), on a f kUt plate 
lAodel and, Blgjilflountly , it was found that aji 
Identleal calibratloa resulted whe.ii the flow In the 
bamidajy layer over the wii’e wui* cither Imaliiar or 
turbulent. One diaadvwitage , cited by the authors, 
was the effect of the direct thermal contact of 
the v/lre with Its substrate. Tlie conduction in the 
substrate appeared to have broadened the effective 
diameter of t5ie v?ire to 5 cna from the actual wire 
diameter of 12.7 dta (see fig. 2). An ideal gage 
would produce a stepwise dlacontinuous surface tem- 
perature, whereas the biopMann-SStlnner gage appar- 
ently produced a long gradual teitiperature rise in 
the ebonite far ahead of the gage. 

Later, the basic idea of the heated element 
gage was used by Bellhouse and Schultz in a series 
of experiKcnte (sea, e.g., refs, 8 and 9). The 
gage design they employed was a platinum film baked 
into the surface of a I^reX glass substrate. Such 
a gage has the advantage of producing a rather 
smooth surface. Gages based on this design were 
made and tested on cylinders , the axes of which 
were normal to the Btream, and on small movable 
probes that could be calibrated In channels and 
then mounted within specific models. One dlsq,uiet- 
ing finding was the fact that the gage results dif- 
fered when the boundary layer measured was la:iiinar 
and when it was turbulent; this suggested more 
extensive conduction effects than even with the 
Liepmann-Sklnner design. 

The objective of the current investigation was 
to develop a gage design appropriate for use with a 
small-acale airfoil model in a high Reynolds number, 
transonic flow to investigate the mechaniama of 
shock-induced turbulent boundary-layer separation. 
The measurement of local skin friction at closely 
spaced stations is a key element of this investiga- 
tion. At Reynolds numbers of 30x10® , based on 
30.b8-cm chord length, most of the methods described 
previously would not apply. The possible methods 
were reduced to the heated-element skin-friction 
gage; the designs of either Liepmann and Skinner or 
Bellhouse and Schultz were favored because of their 
simplicity. We were concerned, however, about the 
apparent large conduction effect in the plastic sub- 
strate of the Liepmann and Skinner gage mid about 
how this effect would be even Isrger on a glass sub- 
strate, assuming the Bellhouse-Schultz design was 
chosen. Liepmann and Skinner did not give the 
length of the wire they used in their gage so that 
their computation for dxgfj- could not be checked. 
The authors had reservations regarding the estimated 
magnitude of the conduction effect because it did 
not seem reasonable that conduction in a plastic 
substrate would alter the effective heated element 
width by a factor of 5 mm/12.7 um or ItOO, and that 
if such a large effective width had resulted, that 
the laminar and turbulent boundary-layer data would 


luive departed from each sthei*. To cluri fy theae 
paints, a progrm-i was adopted aC'^ridnllah tl.ie 
following! 

1. Oonatruot a heated wire gage baaed on either 
the Llepmonti-Pkinner or Eellho'iise-’^'dssiltz deaii’fti.:, 

3, Determine If the wage ran l.e n-protiuc-ii 
through tifdib constii’uctioti toleranres to fivoltl iLe 
need for calibrating each mee. 

3, Test the gages In laifiinar and tuTfciil<-at 
boundary layers, 

1«, Test the gage with pressure griidlvtito. 

5 . Test a sequanee of closely anac&d gufej tt. 
learn if the interaction between tlie gages can be 
used to detect the location of boundajn,'-la’rer isevti- 
ration unambiguously. 

HEATED-ELB’tEKT SKIH-FRIGTIOU GAGE DEGJOJJ CRITERIA 

An early design consideration for a heated 
wire or film gage ia the choice of the substrate 
material acting as the wire or film support. To 
keep the effective streasitwise dimension short, the 
material should possess the lowest possible thermal 
conductivity so that the surface temperature in tiie 
vicinity of the heated element approaches the ideal 
(see fig, 2), Pyrex glass, used by Bellhouse and 
Schultz, has a conductivity of about 0.011 Vf/cm^ 
(“C/cm), whereas the ebonite used by Liepmann and 
Skinner has a value of approximately 0.0078 W/ca^ 
(°C/cm). The material used here was styrene 
copolyjner with a conductivity of k “ 0,0015 W/em^ 
(“C/om). One difficulty with the use of low- 
conductivity plastic, however, is its low melting 
temperature wiiich eliminates the poasibllity of 
building the gags by painting the surface element 
•with a platinam salt and firing it into a metallic 
film, as was done by Bellliouse and Schultz, 'fhe 
authors triad to vapor plate or to sputter metallic 
films onto the plastic substrate, but met with lit- 
tle success when the streamwise dimension across 
the film was kept to the order of 0,2 iras or less. 
Despite considerable care in plating these filjiis, 
a large fraction contained, or soon developed, 
open circuits when the films wore this narrow. To 
avoid these difficulties and still retain a narrow 
gage, the Llepraann-Skinner approach was adopted, 
but with platinum-rhodium wire, 0,0025 cm in 
diemetef, as the heater element, 

A second design consideration was the allow- 
able waviness or surface "roughness" that could be 
introduced by the heater element. Burying the wire 
in a groove was found to be difficult because the 
milled grooves, nominally 0.0025 cm deep, proved to 
have varying depths, up to a factor of 2, so that 
there was no assurance that any one wire ■was bu»"ied 
to the sene depth along its length or that differ- 
ent wires were exactly at the same depth. It vas 
decided to lay the wires on top of the plastic 
surface between two previously mounted leads that 
came up from the inside of the plastic. A thin 
layer of epoxy (< 25 bm) was cast between adjacent 
wires, and the entire surface was handworked to 
yield a surface ouch as that indicated in the 
sketch in figure 3. The allowable wavlness , indi- 
cated in the sketch with an h, was established by 
req.uirlng that 
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( 1 ) 


CALIifflATIOrj «*'•“ THE TIJ A *r«‘'?WJLF*IT 
B'l'JIIInAHY I,A''EK 


i.e., keeping h leaa then the viucoua auhlayer 
tliiekness. For exaeiple, at u Ruynolda nunhur of 

on ti Kodel 7.5 era from the leading edge, the 
value of h satiaiying eiT,. (l) is 2. 5' 10"^ aiw. Tlie 
vavinesa of surfaces actually fabricated was found 
to be 2»10”' m over two representative amaiiles, 

hleprauan ajid Skinner developed the conditions 
that the dimension of the heater element obould 
satis I'y! 

1 Ilu < — (2) 

®f 

*Hie lower limit ensures that the element is suffi- 
ciently large so that boundary-layer theory can be 
applied over the surface of the element with an 
ideal stepvfise dlacontinuouo surface teiaperature 
diotribution (see fig, 2). Ihis condition offers 
little constraint even for dimensions as small as 
dx 5= 25 ara at the high Reynolds numbers of turbulent 
boundarj.' layers. The upper limit is set by the 
requirement that the gage behave the some in a lam- 
inar or turoulent boundary layer. Tisis limit can 
be re-expvessed in a more precise form utilizing the 
detailed thermal analysis of Spalding CIO and 11), 
as shown in the appendix. A turbulent boundary 
layer yields skin-friction results within 10“« of the 
results of a laminar boundary layer if 

&x < i<35 (3) 

w 

for air with a Prandtl number of 0.7. This condition 
is comparable to the Liepmann-Sklnner condition of 
eq. (a) , and limits the power dissipation from the 
heated element to 

< 1.1 W/m “C (1») 

In air. 


One other factor requiring consideration is the 
effect of pressure gradient along the surface on the 
instrument's readings. Liepmann and Skinner first 
analyzed this effect near a point of separation 
where t„ -*■ 0. Later Bellhouse and Schultz extended 
these calculations to account for the local shear as 
well. Their result can be rewritten in the form 
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TO 


w'FP 


0.02 1 Ax 

Nu (Cf/2)j^ Ug dx 


(5) 


A plug eontalnlni; four Kages, const riicted as 
indicated in figure 3, was laale to teat the repro:- 
ducibillty of the coiictruotion teehniqsie, te tre- 
vlde a multiple set of rallbi’atl'iji sparlKons, and 
to permit invostijfatSnr the intiiractiati hetweet. 
wire gages that are closely spaced. The- "ii stance 
between the gages In the flo\/ direction Is 0.32 cm 
in the test plug, Tiie plug was mounted as Bhown In 
figure b in the wall of a wind tunnel alongolde « 
floating element gage, used as a calibration staa- 
dord. The floating eleraent page was oalihratad bv 
attaching known weights to the balance element; 
because the pressure was uniform on the t-annel wall 
in the region of the balanoea, accurate readinvc of 
the shear forces were expected from this iniitriissent. 
It should be noted that the floating element has a 
diameter of 0.9k cm, and the contrast In atreasrrwlse 
distance covered by the floating element and Indi- 
vidual wire gages is drajnatlo. A standard eonstant- 
tempsrAture hot-wire po'fer supply and output oi“pli- 
fler was attached to the wire gages. It was found 
that overheat temperatures of at least 20®C were 
needed to make the heat lost from a wire nropor- 
tional to its temperature rise, or l^K/dT a 
constant. The wind tunnel was operated, at stagna- 
tion pressures that produce Reynolds nujtibers of 
50x10® /m; the Haoh number of the stream was main- 
tained at approximately 0.7. The boitndary layer on 
the wind-tunnel wall was fxilly turbulent. 

In the first scries of tests , only one of the 
four wires was heated at a time. The results of 
the calibration of a single wire are shown in fig- 
ure 5. Idle ordinate Is the power dissipated within 
the wire per unit temperature rise. Tlie abscissa 
la the cube root of tlie oroduot of the local wall 
shear and the air density evaluated at the surface 
temperature upstream of the wire. These coordi- 
nates are used because the theoretical formulations 
(lo) of an ideal gage performance (stepwise surface 
temperature discontinuity, laminar transfer laoeh- 
anlsras) indicate that a straight line should result. 
The choice of wall properties, py, was suggested 
originally by Liepraann and Skinner from analysis, 
and demonstrated by Bellhouse and Schultz to hold 
under a range of Mach numbers. To a first order, 
the data lie on the straight line as would be 
expected since the criterion expressed by eq. (k) 
is satisfied. The calibrations of the other vires 
on the plug agreed within ±2^ with the results 
shown, indicating good reproducibility In the 
construction technique. 


For turbulent boundary layers, Hu s 10 and 
(cf/2)p.p a 0.001, which makes the factor ahead of 

A::/Ug(dUg/dx) in eq. (5) equal to about 2, For 
example, if u = cx, as on a blunt forebody, the 
term accounting for the boundary-layer acceleration 
Is equal to 2(dx/x). Thus, gages with effective 
widths, ix, that are small compared to the length of 
run, can be expected to be relatively insensitive to 
boundary-layer accelerations. This requirement 
further supports the need for a low conductivity 
substrate . 


A test with the four- element plug was made to 
determine the interference between adjacent plugs. 
This was acoong)lished by heating two elements to a 
specified temperature simultaneously, and then 
noting the change in power required to maintain the 
same temperature in one of the wires when the other 
was turned off. The results showed that it was the 
downstream wire that was affected through the inter- 
ference, indicating that It is the heat carried by 
the airstream, rather than conduction in the sub- 
strate, that produces the interference. This 
observation is consistent with the small AXgj.^ 
noted later. When the wires were 3.2 mm apar-t, the 
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lj(3at tVoa the upstivsius wire the power loab 

froK the Jownsjtve.'t'i wire by h'J, a value that would 
be repi'eseiited uij u 12'S error in shear by the wire 
a£illbrat*ot», irnen the wires were twice as far or 
6.b ;fja aoart, the eorrespendlng error in the shear 
measurenent of the downstreiaii wire would be h,2fi. 

At '1 ueparatlein distance of 9»C ten the aliear error 
in the do'wsistreias wire r-uaisuroiaont is reduced to 3w. 
For Nkln-i'rlctioii tests at shear stresaea within the 
calibration range then, apacings of about 1 cm 
between suacesalVely heated wires are needed to 
eliialnute interference of the lipstre us gages on 
those downatrea-’fi In a model with a series of skin- 
frictloa gages. The interference effect, however, 
can be exploited in a flow separation detector 
ieacribed later. 

To compare the different styles of gages, fig- 
ure <1 shows the current calibration results and 
those of liUdwleg and of Bellhouso and Schults, lha 
Liepmann-Sklnner gaga calibration is not shown 
because the gage length across the flow, was not 
specified in their report and thus their data could 
not be replotted. It would be expected, however, 
that the Liepmann-Skinner results would be between 
the present results and those of Bellhmme and 
Schulta. In this figure, the ordinate is divided 
by tlie gage width, W, in order to make the slopes 
of the lines depend only on the effective length of 
the gage in the strearawlse direction. In this coor- 
dinate system, the intercept is a measure of the 
quantity of heat conducted into the substrate; a 
larger slope means a larger affective length of th^ 
gage in the streuicwise direction (slope s 
Aa expected from the design criteria discussion in 
the previous section, the Eellhouse-Schultz gage 
utilizing the Pyrex substrate shows the highest heat 
conduction effects by having the largest intercept 
and the greatest slope. The present gage has sig- 
nificantly lower heat-conduction losses and the 
(dx)(.ff found from the slope of the calibration 
line tur.ns out bo be 6xl0"^ mis, or only about 2.5 
times the wire diameter. This finding is so differ- 
ent from the one quoted by Liepmann and Skinner 
(dXeff/Ax = 390) that their results are inexplic- 
able, even when consideration is given to the dif- 
ferences in the substrate thermal conductivities. 

The Ludwleg gage results fall between the present 
results and those of Bellhouse and Schultz, again as 
expected from the design of the gage. It is noted 
that the Bellhouse-Schultz gage violates the cri- 
terion represented by aq, (h) and, indeed, the 
authors report somewhat different calibrations in 
laiainar and turbulent boundary layers in their work, 

JKIN F3ICTI0K lif THE LAMIUAH BOUrffiARY LAYER 
OF A CYLINDER 

Because the calibration of the heated-element 
skin-friction gage Indicated a very small AXg£.^, it 
would be expected that tViis gage would be suitable 
for use on very small models and where pressure 
gradients exist along the surface - see eq. (5). 

Also, the gage satisfies condition (!») so that it 
would also be expected to perform the same with 
either laminar or turbulent flow. 

In using a gage on a wind-tunnel model, calibra- 
tion of the particular gage employed la generally 


required, bellhouue uul '"i-hulLu alfr>tei the 
nique Of bullditnr ft laovable afiee tj.uf' I I- "il- 
ibrated one Place and then moved ii.t,iI3v and 2 iiu i 
into a model, Tiie nreuent. desiin l"j also u u?tui4if; 
for such an approach, ‘fhe anther'. , hwav-tr, 
interested in learnlnt’ i*' C’tre‘"al control fit 'die 
eonstruetion of the eritie coal 3 fd-vlate t!te ii.wMi f-jir 
calibrating each page. To t-at tSiis i-ieri, but f^i 
avoid building .many capes, a laocol wan «ho:ien tJ.at 
can yield well-resolvod, skln-frletion Itiftrciation 
with a single gage; namely, a circular c’'l!n<J>-r 
with its axis placed normal to an alrctivnr,; firi 
able to rotate about this axic. A sinplv at 1^- 
pressure tap was also placed in the model, lit- 
test cylinder is 19 kh in dioi-iuter and sale of 
stainless steel. The pace was male on fi etvr_n‘' 
insert to close tolerances relative to the cali- 
brated gages. For exOimple, the cold resistance c!" 
the gage is 2.6l £1, which is within 2‘i of the cold 
resistance of the calibrated gapes. The gape, 
mounted in place, is shown on the cylinder in fig- 
ure 7 and in greater detail in figure 6. 

The test with the cylinder was run in a email, 
low-speed wind tunnel at H = 0.3. The air is 
drawn into the wind tunnel from the laboratory room 
so that the stagnation pressure 1 g 1 atm and the 
temperature is 2l°C. The Reynolds number thus 
achieved on the cylinder, based on diameter, Is 
1.2x10® which places test conditions in tSie cub- 
critical range prior to the onset of turbulent flow. 
The wresaure distribution around the cylinder is 
shown in figure 9. Tlie pressure drops with angular 
position from the stagnation nciist to n Eiinitrsum at 
about 66* , recovers some to about 82*, and then 
levels off. The shape of the pressure distribution 
suggests that the boundary layer has separated Just 
ahead of the 80® position. 

The corresponding skln-frlotion measurements 
are shown on figure 10. The circled data points 
represent the heated gage skin-frlctlen neastn-e- 
ments baaed on the calibrations made in the turbu- 
lent boundary on the wind-tunnel wall (fig. 5). 

The solid line represents the skin friction calcu- 
lated with a finite difference boundary-laver pro- 
gram utilizing laminar transport properties (l2) 
and incorporating the pressure distribution of fig- 
ure 9. The agreement of the laminar boundary-layer 
results with the measurements, based on a previous 
calibration of similar gage's, is remarkably good up 
to an angle of 0 = 50“ from the stagnation point. 
Beyond this point, the measured points show a pro- 
gressively increasing departure from the laminar 
boundary-layer theory; at 60“ and 70* the data are 
11 and lower than the theoretical results , 
respectively. Since the principal departure occurs 
at 8 n 70°, which is a point where the local pres- 
sure gradient is not large (it is near a minimum in 
the pressure distribution), the cause for the 
behavior noted is not understood. The agreement 
noted at 6 = 10°, where the level of shear is 
about the same as at 0 = 70° , excludes a basic 
calibration error. 

SEPARATION DETECTOR 

An adaptation of the skin-friction gage was 
used as a flow direction indicator to identify 


5 



positions of sepnratsd flow. In ruferunoes 3 3 find 
iti, Kool and Vidal et al. point out tfiat (separated 
flow fields (local I'low reversals) often fiGcOHipwiy 
the intoruotlen of a normal sSiook wave with a turbu- 
lent boundary layer, fuid that these ropions eon be 
veiy thin and difficult to define uginK present 
teoimlques (pitot tubeo, oil flows, orifice dtma, 
etc.}. Bellhouae and Scliulta (9) used the presence 
of an irreifulur reoponse of n sisnile heated elenent 
fi3 an li.-licatlon of separation in Inrainar flow, 

‘fliia techn^que, however, can be oonfuaed by the 
presence of periodic transition to turbulence, ''^ar 
fully turbulent flowo, careful harmonic analysis of 
the dynamic slgnala I’roia the Rages could pceslbly 
diatinguish the presence of separation. A com- 
pletely unambiguous and mueli aimpler approach, how- 
ever, is to exploit the interaction of multiple 
heated element gages when they are close together. 

The exporiraent was conducted in the tlASA-Amea 
Research Center's High Reynolds Number Facility 
with the test section' and flow conditions as indi- 
cated in figure 11a, Wall static pressure taps 
were spaced on a line at 25. k mm intervals in the 
upstream portion of the tost section and 50, B ram 
intervals downatream. Tlie separation detector 
ports were located on a line at seven positions 
along the tube and at h5® around the tube from the 
line of static pressure taps. To prod'*ce the sepa- 
ration, a normal shook wave could ue positioned at 
any station inside the test section by means of a 
hollow, cylindrical, shock-wave generator that was 
inserted into the exit. The separation detector was 
constructed in a manner similar vo the akin-friction 
gogea , but on a surface with transverse curvature to 
fit the wall of the circular teat section. Details 
of the separation detector plug configuration ai'e 
shown in figure 11b, The manner of operation of 
this detector was to heat the center detector wire 
to rather high temperature. The adjacent sensor 
wires were maintained at low overheat temperatures. 
Just high enough to permit power loss measureuients , 
In this mode of operation, the sensor wire locally 
downstream of the heated detector wire requires the 
lesser power for a apeoifled overheat temperature. 

The results of this investigation are presented 
in figures 11 and 12. Figure 11 illustrates the 
response of the gage to passage of the shock wave. 
The abscissa represents the position of the detector 
relative to the shook wave, with negative values 
indicating that the detector is upstrea.m of the 
shock wave. Tlta upper curve is the wall static 
pressure of the detector location, and the remaining 
cunres are the bridge voltages to the upstream and 
downstream (relative to the main stream) sensor 
wires and their difference. The local flow reversal 
associated with the passage of the shook wave over 
the detector is dramatically illustrated by the 
opposite response of the upstream and downstream 
wires. As the shock wave passes, the temperature of 
the flow surrounding the wires decreases on the 
downstream and increases on the upstream side of the 
heater. This indicates that heated fluid is locally 
being transported toward the upstream sensor wire. 
The difference curve amplifies these effects and 
can be used to define both the separation (S = O) 
and re-attachment (R = 57.2 cm) points. 


The effect of Rvyaolds numibor on the leiiwlh '‘i' 
sepiaratud flow Is s'liown on figure 11. Here tlif' 
length of eeparaticn, "j, ih noirisaliced tv the 
undisturbed bnu/idw'y -layer thleknesB, just 
upstream of the interaction, and Is plotted as u 
function of Reynolds njadjar based on A1n*>, a 

coaiparlson is made with rrevloas investlrutiona 
(refs. 11 through 15) for normal waV''', ti'irtu- 

lent boundasy-lnyer Interact I rn!" where rtti'* IdteLj 
were utilized, Tlse paucity o? data maJien It a>j’v 
difficult to fiotabjiiih trendr the nrevicu? 

results, The rreaeiit data which were obtained oV'»r 
eaaentially the same y-ach and *^eyna'idsj namter mnre 
indicate tliafc the lenrtlii of the snrarated “low 
field scales directly v?ltli the bi in iaw-lav'er thick- 
ness oJiead of the In^'eraction. Also th- lenwth Oif 
separated I’lou is such larger when laeaaured by the 
present technique. Clearly, additional data are 
needed over a wider Reynolds numtier range to 
corroborate the trends found of the present 
investigation; however, it does appear that intru- 
sive pitot probes or tlilek oil fiLms used by the 
other investigators ma.y seriously disturb these 
types of flow fields. 

CONCLUDING REMARKS 

TIjb study described has demonstrated the use- 
fulness of an individual heated-film gage in measur- 
ing skin friction and, in closely spaced groups, in 
measuring the location of saparatioii and reattach- 
ment without disturbing the flow. It was shown 
that a key element in making the skin-friction gage 
universally apnlloable, i.e, , inderendent of lami- 
nar or turbulent flow and insensitive to pressure 
gradients, is the use of a very law thermal con- 
ductivity mount or aubatrats to support a fine 
heated film or wire. For separation detection, the 
use of multiple elements eliminates tlie need for 
complex fluctuating signal nrocosoing and permits 
unambiguous interpretation of the results. The 
manner in building these gages, cf laying wires 
onto the substrate, filling between with tlautic, 
and liandworking the surface is admittedly conplex, 
but was manageablB because of the fine is.anual 
skills of the authors’ teohnioisn, Mr. Fred Lemos, 
aa is evidenced by the rsnroducibiltty of the wages. 
The styrene substrate proved to be Incompatible 
with vapor plating or sputtering films less than 
0,03 mm wide at thicknesses of less than 10"** i.wi, 
at least with the laboratory teehiilquen and United 
effort used by the authors and noae fairly exceri- 
eneed teehniciane. Plating has distinct advantages 
of achieving smooth surfaces (h < 10““* Ciiri) and uni- 
formity of construction and this work ia not 
intended to discourage that approach. Is fact, 
the authors themselves have initiated contaetr with 
the micrceleotvoaics industry to see if the skills 
developed there in plating circuits eujt be 
exnloited in the nroductiosi of these careE. 
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Fig. 3. Conatruttlon details of heated wire 
akin-friction gage. 


Fig. 1. Principle of heaced film akin-friction gage. 
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Fig. 2. Effect of heat conduction on the aurface 
temperature In the vicinity of the heated 
element. 



Fig. 1*. Calibration arrangement on wind-tunnel 
wall. 
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Fig. 6. Comoarlaon of the performance of various 
heated film gagis. 
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Fig. 9. Pressure coefficient distribution around 
cylindrical model In cross flow; Dlam. ■ 19.05 
nw. Rep ■ 1.2»10*, ■ 0.3. 
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T'ig. 10. Bkin-frietlon distribution around 

periphery of cylindrical model; Dlan. ■ 19.05 
Fig. 7. Cylindrical wind-tunnel model. ram, Rop ■ l.SolO', « 0.3. 
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Fig. 13. Effect of Reynolds nuaiter on the lenKth 
of separated flov. 


Jig. 11, Teat section and detector used in separa- 
tion experiment; (a) test section, (b) separation 
detector. 



Fig, 12. Response of separation detector to. shock- 
wave traverse. 
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APPENDIX 


Upper Lirait of Ciine lUrioiision in Strciimwise 
Uircctioii 

If the cAti^nt of the sago in the streumwise 
direction is t;‘ificientl>' small, it behaves the same 
in either a laminar or turbulent boundary layer. 

The limit of this extent cun be evaluated from 
Spalding’s theory (refs. 10 and 11) for the heat 
transfer into a turbulent boundary layer downs'-reuin 
of a surface temperature Jump. Near the stepwise 
discontinuous surface temperature, the local Stanton 
number and shin-friction coefficient can bo related 
by the series 

“ 0.157 ^ a. .11x10-^ i'’ * . (Al) 

where 



for Pr <■ 0.7. Prom eq. (Al) .atio Pr e a,? 

X'*' “ 0.11 4^ + 6,59x10”^ 4^ + . . . (ASi 

From eqs, ^7) and (A8) , the value of x'*^ where the 
value of St Is 3.2^ larger than for a laminar 
boundary layer is 

_ “e*^f^ Aw5'w Ax 

X =■ rr -— — : “ 435.6 

*^w Iw 

Since T - St^, at this value of x'’, or less, the 
gage will give skin-friction results within lO'i for 
a given St if the boundary layer is either larainur 
or turbulent, 


I = station where surface temperature jump occurs 

Pr = Prr.ndtl numbor of fluid 

St “ local Stanton number 

Cf = local skin friction coefficient 

Ug = local velocity at boundary-layer edge 

X = station downstream of temperature Jump 

= local kinematic viscosity based on surface 
temperature 


The first term in the series results from heat 
exchange totally within the laminar sublayer and 
agrees witlt the result corresponding to a fully 
laminar boundary layer. The second and subsequent 
terms introduce the effects of turbulence in the 
buffer region and outer parts of the turbulent 
boundary layer. We now seek the value of Ax = Jl - x 
where the turbulent contributions are small. To do 
this it is first necessary to evaluate the avei’age 
Stanton number over the entire gage, where 

^ ^ (St)dx' (A4) 


In terms of 4 in eq. (A3), the mean Stanton 
numbor is 


St = 
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(AS) 


when is small and the mean value theorem Is 
invoked with C£ evaluated between I and x, with 
Ax « From cq. (Al) 


dx+ = Pr{0.47 42 + 6,S9 x10"6 4 ® + , _ jjj 


With eq. (A6) substituted into oq. (AS), the average 
Stanton number over the gage Is found directly to be 

(0.165 42 + 7.68x10'^ + . . ,) (A7) 
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